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WMMARY

Six-percent-thickNACA63-seriescompressor-bladesectionshatinga
loaded-leading-edgeA@% meanlinehavebeeninvestigatedsystematically
ina two-dimensionalporous-wallcascadeovera rs.ngeofReynoldsnumber
from160,000to385,000.Bladescamberedtohaveisolated-airfoillift
coefficientsof0.6,1.2, 1.8, and2.4weretestedovertheusableangle-
of-attackrangeat inlet-airanglesof ~“, 45°,and60°andsolidifies
of1.0and1.5.

A comparisonwithdataofNACATechnicalNote391.6showsthatthe
angle-of-attackoperatingrsmgeis@ to 6° lessthantherangeforthe
uniformlyloadedsection;however,thewakelossesneardesignangleof
attackareslightlylowerthanthosefortheuniformlyloadedsection.
Exceptforhighlycanberedbladesathighinletangles,theNACA
63-(~zoA4%5)06compressor-bladesectionsarecapableofmoreefficient

9
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●

operationformoderate-speedstisoniccompressorsat designangleof
attackthanaretheNACA@-(CzoA1o)10ortheNACA65-(c20&~)10
compressor-bladesections,where %0 inthedesignationis thedesign
liftcoefficientoftheisolatedairfoil.In contrastwiththeother
sections,theloaded-leading-edgesectionsarecapableofoperating
efficientlyatthelowerReynoldsntiers.

INTRODUCTION

Systematiclow-speedcascadedatafortheNACA~-seriesccmrpressor-
bladesectionssrepresentedinreference1 fora widerangeof cascade
configurations.Thesedata,however,arelimitedtotheuniformlyloaded
meanline. Inhigh-speedcompressors,blademeanlinesotherthanthose

l-SupersedesrecentlydeclassifiedNACAResearchMemorandumL55J05,
“Low-SpeedCascadeInvestigationof LoadedLeading-E&eCompressorBlades,”
by JsmesC.Emery,1956.

.
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b

foruniformloadareofinterest.Reference2 presentstheresultsofa
systematicvariationinmean-lineloadingforNACA65-seriescompressor-

?

bladesectionshavingtheA@4b andA#~ meanlines,whichshiftthe
loadingtowardthetrailingedge,andtheA614meanlinewhichshiftsthe
loadingtowardtheleadingedge.Additionaldatafora loaded-leading-
edgemeanlineA4K6wereobtainedinaminvestigationto developa
seriesof 6-percent-thickguide-vaneprofiles(ref.3) suitablefor
operationathighinletMachnumbers.Thisconsiderationledtoa
departurefrcmtheNACA65-seriesthiclmessdistributiontotheNACA
63-seriesthicknessdistributionwhichhasa moreforwardlocationof
maximumthickness.At thessmetime,thethicknesswasreducedfrom
10to 6 percent.Thiscombinationofmean-lineloading,thickness
distribution,andthicknessprovidedfavorableblade-passage-areadis-
tributionsforhigh-speedcompressorswherechoking
guide-vanepassageswasa possibility.Theresults
limitedto an inlet-airangleofOO.

Someexplorato~testsoftheguide-vaneblade
airanglesintherangeof interestfoccompressors
turningandlowdrag. Thepurposeofthispaperis

oftheflowinthe
ofreference3 are

sectionsatinl.et-
showedhigh
topresentdata

obtain&intestsofthe6-per&nt-thickNA6A-63-series-withA4~ mean-

M.neloadingat inlet-ahanglesof30°,45°,and600,eachat solidifies
of1.0and1.5inthelow-speedpotious-wallcascade.Carpetplotsof
the63-(cz#4~)06datasndcomparisonsofthesedatawithdataforthe

65-(12A21~)10and65-(l~lo)10profilesme ticlud~.

SYMBOLS

c bladechord,ft

cdl sectiondragcoefficientbasedonupstreemdynamicpressure

C21 sectionliftcoefficientbasedonupstreamdynamicpressure

Czo camber,expressedasdesignliftcoeffici~tof isolated
airfoil

cW1 wakemomentum-differencecoefficientbasedonupstream
“-dynsmicpressure

L/D lift-dragratio

P totalpressure

P. staticpressure

●

v

.
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q -C pressure
d

R Reynoldsnumberbasedonbladechordandenteringvelocity

P- Pz
s pressurecoefficient,—

ql

a anglebetweentheinletflowandthebladechord,deg

$ inlet-airangle,anglebetweentheinlet-flowdirect~onand
theperpendiculartothecascade,deg

8 flowturningangle,deg

G solidity,chordofbladesdividedby tangentialspacing

% resultantpressurecoefficient;differencebetweenlocalupper-
andlower-surfacepressurecoefficients

AT
q

ratioofblade-passagethroatareatoareaofupstreamflow

x chordwiseMst-ce frombladeleadingedge,percentchord

Y bladethiclmesscoordinate,percentchord

t maximum
a

Subscripts:
““d

d design,

2 local

thickness

whenusedwithblades

1 upstresm

APPARATUS,TESTPRWRAM,ANDPROCEDURE

DescriptionofTestEquipment

ThetestapparatususedinthisinvestigationwastheLangley10-inch
low-speedporous-wallcascade(fig.1) describedinreference~ w~ch was
modifiedby reducingthetest-sectionwidthfrom20 inchesto10 inches.
Five-inch-chordbladeswereusedtogiveariaspectratioof2.0. Seven

● bladeswereusedin thecascadeexceptat theMet-air angleof 30°and
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solidityof1.0forwhichonlyfivebladescouldbefittedintothetunnel.
Thesidewallsintheentranceto thetestsectioncontaineda flush-type k
boundary-layersuctionslot1 chordlengthupstreamfromthebladesections
beingtested.Inalltestsa screenofl/2-inchmeshhardwareclothwas
insertedattheentrancetothetestsection.Thisscreenwasinsertedin
ordertoincreasetheturbulenceleveloftheenteringairinanattemptto
reducethelaminarseparationonthetestairfoils.Theadditionof the
abovescreenmadetheturbulencelevelcomparabletothatoftheLangley
~-inchcascade(refs.1,2,4,and~). Datafromthetwocascadesmaybe
compareddirectlywithoutconsiderationoftheeffectsofturbulence.

DescriptionofAirfoils

Thecompressorbladesusedin thisinvestigationwereNACA63-series
airfoilsof6 percentthickness.Thebladesectionsusedwerethe
63-(6.A4K6)06,63-(12A4K6)06,63-(18A4K6)06,and63-(24A4K6)06sections,
forwhichtheprofilesareshowninfigure2. Thepartofthedesigna-
tionof thesesectionswithinparenthesesfollowsa systemusedexplicitly
forcompressorandturbineprofiles.Inthissystemthenumberwithin
parenthesesrepresentsthedesignliftcoefficientCZO intenths.The
lettersA toK areidentifiedwiththemeanlinesa . 1.0 to a = O for
eachincrementof0.1,andthesubscriptsindicatethefraction(intenths)
of theliftcoefficientassociatedtiththeparticularmeanline.The
meanlineandthicknessdistributionofthisfsmd.lyarethessmeas those
ofreference3. ,!TheA4K6meanlineofthepresentseriesavoidsthe
reflexcurvaturenearthetrailingedgewhichischaracteristicofthe
a = 0’meanline. Thecoordinatesforthismeanlinefor Czo= 1.0 are
givenintableI. Thecoordinatesforthethicknessdistributionused ●

(NACA63-006airfoil)aregivenintibleIIandthechordwiseloading
distributionisshowninfigure3. 9

Chokinginbladerowsis determinedbj theminimumpassageorthroat
area. By layingoutlarge-scaledrawingsofthebladepassagesforthe
A4K6bladesatdesignangleofattackforvariouscombinationsofinlet-
airangle,solidity,andcember,theratioofminimumpassagearea + to
inletaxea Al couldbemeasured.Figureh presents~/Al plotted
againstinlet-airangleforsolidltiesof1.0and1.5andcambersof0.6,
1.2,1.8,and2.4fortheA4K6bladesection.Inaddition,~/A1 for
theAlobladesection(CZO= 1.2)isgivenforcomparison.Itisappar-
entthatshiftingthe~oadingto’theleadingedgehasveryllttleeffect
onthearearatiobelowaninletangleof4.0°.Above40°theA4K6sec-
tionsincreaseinpassagesreafasterthantheAlosections;hence,the
A4K6sectionssreequaltoAlosectionsinarearatioupto40°andme
moreopenathigherinlet-airangles.
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TestProgramandProcedure

Testprogran.- Thecombinationsof inlet-airangle,solidity,and
bladesectionforwhichdataarepresentedareshowninthefollowing
table:

p, deg
a 30 45 60

63-(6~I@6 63-(t$&j06 63-@K$ 06

63-@h~)ti 63-(+2AhK6)06 63-@AkK6)06
1.0

63-$8A4Kg)06 63-@8A4K+6 *

63-@4A@@ 06 63-~4A@06 *

63-@@+ 63-@@06 63-(6A4K6)06

63-@A@06 63-@4K+6 63-(12A4K6)06
1.5

63-@A4K6)@ 63-@@c% *

63-@4AhK6)ti 63-&4~K6)06 *

*Stall.occurredbeforedesignangleofattack.

Thetestprogramforthe A4K6bladeswasplannedtoprovidesufficient
informationto satisfyconventionalcompressor-velocitydiagramswhen
thesedatasreusedinconjunctionwiththeA1odatapresentedh
reference2.

Testprocedure.- Theporous-walltestproceduredescribedinref-
erence wasfollowedthroughoutthisinvestigation.Thetestscovered
theangle-of-attackrangein3° incrmentsfrcmnegativetopositive
stallwherestallwasdetezmtiedby a largeincreaseh wakesize(twice
minimum).

Itwasnotpracticaltomaintainthessmeenteringvelocityforall
thetestsbecauseofthelsrgevariationh pressureratioacrossthe
variouscascsdesmd thechangesinupstresmsxea.~erefore,thetests
wererunatnearmsximumoutputofthetunneldrivemotorandthe
resultsntReynoldsnumberbasedontheupstreamvelocityandthe~-inch
chordVWied frm 297,030to 346,000.TWOcascadec~b~ationswere



6 NACATN 4178
.

testedatdesignangleofattackovera rangeofReynoldsnumberfrom
160,~0 to385,000toassistinestimatingperformanceatReynolds *
nunbersotherthantheusualtestvalue.

Testmeasurements.-Bladepressuredistributions,turning-angle
surveys,andwaketotal-pressurelosswereobtainedby usingthe

—

methodsofreference1. Upstreamconditionsweremeasuredinthe =
samemanneras inreference3.

Calculations.- Thecalculativeprocedureiscompletelydescribed
inreference1. Briefdefinitionsofwake,lift,anddragcoefficient
arerepeatedherein.Thewakecoefficient~1 representsthemomentum
differencebetweenthewakeandthestreamoutsideofthewake.All
forcesduetopressureandmomentumchangesacrossthebladerowwere
sunmedto obtaintheresultantblade-forcecoefficient.Theresultant
forcecoefficientwasresolvedintocomponentsperpendicularandparallel
tothevectormeanvelocityto obtaintheliftcoefficientCzl andthe

dragcoefficientCdljrespectively.Allcoefficientsarebasedonthe .

upstresm

The

dynamicPrf=sme ql.

AccuracyofResults

measuredturning-angleaccuracywaswithinti.5° nearthedesign
condition.Fortestsnearpositiveornegativestalltheaccuracywas
somewhatreducedbecauseof increasedwakewidthsintheplaneofangle
measurement.

“
Thebladenormal-forcecoefficientcalculatedfrompressure-rise

andmomentumconsiderationswascomparedwiththenormal-forcecoeffi-
cientobtainedby integrationofthepressuredistribution.Sincethese G
valueswouldbe affectedby errorsinturningangle,surfacepressure,
w&e-surveyreadings,ora failureto achievetwodlmensionalityofthe
flow,thiscomparisonisa checkoftheoverallacceptabilityofthe
tests.Theagreementbetweennormal-forcecoefficientsobtainedbythe
aforementionedmethodswaswithin5 percent.Theliftcoefficientspre-
sentedwereobtainedfrommomentumconsiderations.

PresentationofResults

ThecoordinatesfortheA4K6meanlinearepresentedintableI,
andthethiclmess-distributioncoordinatesfortheNACA63-cm6airfoil
withtrailingedgethickened(t/c= 6perient)arepresentedintable11.
Theresultsforthevariousbladesectionstestedarepresentedinfig-
ures4 to 43,as indexedinthefollowingtable:
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DISCUSSIONOFRESULTS

OperatingRange

Summariesoftheturningsingle,angle-of-attackrelationshipsfor
thefourcsmberedbladesect~ons-te&&-aregivenforeachinletsingle
andsolidityinfigures25to30. Forcombinationsgivtimoderate
pressurerisestherearestraight-linerelationshipsforconsiderable
portionsofthecurves.At thehighestpressure-risecombinations
(p= 600)thetwo-iMmensionalpressureriseisverynearthestalling
pressureriseandthestraight-linerelationshipexistsforonlya
smallportionofthecurve.

.

lhorderto selecttheuppersndlowerlhnitsofangleofattack,
Howell’sindexoftwiceminimumdrag(ref.6)wasusedto estimatethe
usefuloperatingrangeofthevsrioussectionsatthesolidityend
inlet-angleconditionstested.tifigures.31and32a comparisonof
theoperatingrsmgeofthe63-CZ#4K6)06bladesectionswiththatof

‘he65-@@’0 “de s~tiofs
ofreferenceI indicatesa 2°to 6°

greaterrangeforthe65-CZo~o)10sectionsfortheconditionstested.
Thesmalleroperatingrangeofthe63-(cz#4@06 sectionsisattributed
to thedifferenceinprofilethiclmess(ref.5). EIadditiontothe
effectofprofilethickness,theloededleadingedgeofthe63-@oA4~)06
sectionshasa steeperpressuregradientneartheleadingedgewhich
tendsto forma thickboundarylayerontheconvexsurface;consequently,
a reductioninoperatingrange3stobe expected. .

v
TurningAngle

bladesectionsispresentedto showthedifferent-esindesignsmgle”of
attackandturningangleforthesetwodifferentsections.Zngeneral,
thedifferenceisoftheorderof1°forthedesignturningangle.The
differenceinthedesignangleofattackis3.9°forthe65-(24A4K6)06
blsiiesectionsanddecreaseslinearlywithcsmber.Itcanbe seenthat
atthethreeinlet-airangles(atdesignangleofattack)thedifference
betweentheturninganglesforthetwotypesof loadingissmall.

ReynoldsNumberEffects

As showninfigures35and37thedragcoefficientandturning
angleremainalmostconstantabovea Reynoldsnmnberof220,000.
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Figures34 and 36indicateno significantchangeinthepressuredis-
tributionovertherangeofReynoldsnumbertested.*

Figures38and40 showthevsriationof e and cdlat ~ with
Reynoldsnumberforthe63-(12A4~)06,65-(~Iw)lo, andthe
65-(12A10)10bladesectionsat P of600smdks”, a of 1.0and1.5.
TheA218bsectionisnotincludedinthelwer met-~Qe fi~e
becausenodatawereavailableforthatcondition.TheA4~ section

hasa lowercriticalReynoldsniunberthantheA@m ortheAlosections
as indicatedbythelowerdragsndhigherturningugle atthelower
endoftheReynoldsnumberrange.Thisistobe expectedbecauseof
theadversepressuregrsdientbeginningattheleadingedgeofthe
A4K6section.

Thevsriationofthelift-dragratiowithReynoldsnumberforthe
63-p4%)069 65+%4 ‘0- ‘he65-(w21&0 “de ‘ection‘s
presentedinfigures39 ti41 forinletsngl.esof600and45°and
solidifiesof 1.0and1.5. Thelift-dragratiosforthe@l% section
aregeneralJyhigherthanthevaluesfortheAlosection.Scxnevari-
ationoccurredinthecurvesofwakeanddragcoefficientsplotted
againstReynoldsnmnberbecauseofthesuddenchangesinthenatureof
theboundsry-lsyerflowforbothsections;therefore,thedragcoefficient
smdlift-dragratioarenotsufficientlyreliabletousedirectlyina
compressor-performanceanalysis.However,thesevaluesshouldbe of
someuseforcomparativepurposes.An evaluationbasedonlift-drag

“
(

ratioindicatesthatthe63-CZo\K6)06bladesectionswouldoperate

moreefficientlythanthe65-(cz410)10or65-(CZoA218~10 sectionsin
* a compressorupto criticalspeed.It shouldbenoted,however,that

thecriticalspeedoftheseloaded-leading-edgesectionswillbe lower
thsmthatoftheuniformlyloadedortheloaded-trailing-edgesections.

CsrpetPlots

b orderto facilitatetheselectionofbladecsmberanddesign
angleofattacktofulfilla designvectordiagram,a csrpetplotof
bladecsmberasa functionof inlet-airangle,turningsngle,and
solidityispresentedinfigure43. Designangleofattackmsybe
obtainedfromfigure42whichisa csxpetplotofdesignangleofattack
asa functionof soliditisndcamber.Thedesi~ sngleofattackwas
foundtobe independentof inlet-airangle.
carpetplotsandthemethodof interpolation
giveninreference7.a

.

A completediscussionof
of intermediatevaluesis
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SUMMARYOFRESULTS

TheNACA63-(CZOA41%)06cmnpressor-bladesections(whereCzo is
thedesignliftcoefficientoftheisolatedairfoil)weredesignedwith
relativelystraighttrailingedges>low IMIXimUIUthickness, andhigh
aerodynamicloadingintheleading-edgeregion.Comparisonofthe
resultsoflow-speedcascadetestsofthesesectionswiththoseof
uniformlyloadedorloaded-trailing-edgesectionsindicatesthefollowing
characteristics:

1.Wekelossesfortheloaded-leading-edgesectionsneardesign
angleofattackareslightlylowerthanarethoseforuniformlyloeiied
orloaded-trailing-edgesections.

2.Theangle-of-attackoperatingrangefortheloaded-leading-edge
sectionsis2°to 6°lessthantherangefortheuniformlyloaded
sections.

3. In contrastwiththeotherbladesections,theloaded-leading-edge
sectionsarecapdbleofoperatingefficientlyatthelowerReynolds
nuaibers.

4.Exceptforhighlycamberedbladesathighinletangles,the
NACA63-(CZOA4A6)06compressor-bladesectionsarecapableofmoreeffi-
cientoperationformoderate-speedsubsoniccompressorsat designangle
ofattackthanaretheNACA65-(CZOA10)10ortheNACA65-(CZoA#~)10

.

*

“

v

compressor-bladesections.
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TABLEI.-COOR.DINATESFOR A4K6 MEANLIllE

[
Cl.= 1.01

2.0
r

100 “

o I

o :0 100
20r
o

x

o
.5

I .25
2.5
5.0

10
15
20
25

z
40
45
50
55
60
65

;;
80
85
90
95
100

Y

o
.376
●7!32

1.357
2.248
3.531
4.420
5.040
5.438
5.710
5.&4
~.820
5.713
5.516
5.239
4.891
4.479
4.011
3.492
2.922
2.308
1.642

●912
0

------

0.6237
.5034
.4100
.3131
.2110
.1483
.1023
.0659
.0359
.0104

-.0116
-.0308
-.0478
-.0628
-.0761
-.0881
-.0990
-.1090
-.1184
- .L278
-.1387
-.1555
------

w

.

.
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TABLEII.-

AIEU?OIG

TEICIQiESS-DISTEWJTIONcoommwms FORNACA63-006

WZ21?HTRAILINGEDGETHICKENED(t/c= 6 PERCENT)

[Stationsandordinatesgiveninpercentofchord]

Y:~

.,, ~
o 50 100

“x .

x t,

o 0
1.25 .~l ‘
2.5 1.Q57
5.0 1.462

10 2.010
15 2.386
20 2.656
25 2.841
30 2.9$
35 3.000
40 2.971
45 2.877
50 2.723

2.517
22 2.301
65 2.085

1.870
E 1.654

1.438
g 1.222
90 1.007
95 .791

100 0

L.E. radius:0.297
T. E. radius:0.6
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Figurel.-PhotographofIangley10-inchcascade. L-87133

.
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Figure2.-Bladesectionstestedinthisinvestigation.
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Figure3.-Chordwiseloaddistributionoftheisolatedairfoilforthe
A4K6,A218b,andAIOmeanlines.
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Figure1.-Ratioof blade-passagethroatarea to area ofupstreamflowat ~.
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Figure5.- Blade-surfacepressuredistributionsandsectioncharacteristics
forthecascadecombination~ = 300;a = 1.0;andbladesection
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Figure6.-Blade-surfacepressuredistributionsandsectioncharacteristics
forthecascadecombinationB = 300;u = 1.0;andbladesection
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63-(L2A4~)06.
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Figure7.- Blade-surfacepressuredistributionsandsectioncharacteristics
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